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Abstract. Both glucose and lactate are nutrients of the ovine fetus. Each may be used by the 
fetus as a fuel for oxidation or as a source of carbon for energy storage and net tissue accretion. 
The present report describes the oxidation rates of glucose and lactate in vivo for the fetal lamb 
over a relatively short time period. The fraction of fetal glucose or lactate oxidized was defined 
as the ratio of 14C02 excretion across the umbilical circulation to the net entry of [14C]glucose 
or [14C]lactate into fetal tissues. The fraction of glucose oxidized over a 3-hr study averaged 
6 1.296, accounting for 2.55 mg - min-I kg-' of glucose oxidized and for 2896 of the simultaneous 
net oxygen uptake. The fraction of lactate oxidized averaged 71.596, accounting for 4.12 
mg min-I kg-' of lactate oxidized. Oxidation fractions and rates for both glucose and lactate 
increased with their concentrations in fetal blood suggesting sparing of other fuels for oxidation 
at higher glucose and lactate concentrations. 

Several studies have demonstrated net um- 
bilical uptakes of glucose and lactate by the 
unstressed fetal lamb during the last month 
of gestation. These substrates account for a p  
proximately 40% of total calorie and 45% of 
total carbon uptakes (1-3). It has been as- 
sumed that glucose is used by the fetus pri- 
marily for oxidation. However, tracer studies 
of both glucose and lactate oxidation in adult 
animals and human have demonstrated oxi- 
dation fractions significantly less than 1 .OO (4- 
6). In a growing animal the rates of glucose 
and lactate oxidation might be less than in 
the adult because these substrates could pro- 
vide carbon for net tissue accretion. In order 
to q u a n t i ~  the partition of fetal glucose and 
lactate for oxidation and for other metabolic 
fates, we have measured glucose and lactate 
oxidation rates in fetal lambs under in vivo 
steady state conditions. 

Materials and Methods. I .  Surgical prep- 
aration and experimental protocol. Columbia- 
Rambouillet, mixed-breed ewes were studied 
between 120 and 140 days gestation (term 
= 147 days). Surgery was performed with 
pentobarbital sedation and pontocaine spinal 

To whom reprint requests should be addressed at the 
Department of Pediatrics. 

anesthesia (6 mg in 10% dextrose). Polyvinyl 
catheters were placed in a fetal pedal artery 
(advanced to the midabdominal aorta), a fetal 
pedal vein (advanced to the femoral vein), 
and a fetal umbilical vein (positioned for sam- 
pling in the common umbilical vein, distal to 
the portal sinus). The ewes recovered for about 
1 week before study and were fed a standard 
diet of hay, alfalfa pellets mixed with Omolene 
(grain mix, Farmer's Market Assoc., Denver), 
and water ad libitum. 

The study protocol consisted of 150- to 180- 
min primed-constant infusions of [ ''C]glucose 
(labeled universally or at the first or sixth car- 
bon, Amersham) or [U-14C]lactate (New En- 
gland Nuclear). The tracers were infused into 
a fetal femoral vein. This site of injection pro- 
vides a fairly uniform specific activity in fetal 
arterial blood ( 1) but cannot avoid differences 
in intracellular and venous specific activities, 
especially for lactate (3). These differences 
make the calculation of absolute lactate oxi- 
dation rates dependent on the site of sampling 
(9) with arterial sampling providing a mini- 
mum rate, but have no effect on the calcu- 
lation of fractional oxidation rates. Umbilical 
blood flow was measured by the antipyrine 
steady-state difision technique (7, 8). After 
a 60-min equilibration period, whole blood 
samples were taken simultaneously from the 
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fetal artery and umbilical vein at 60, 90, 120, 
150, and occasionally 180 min. The blood 
samples were analyzed for glucose and lactate 
concentrations, [ ''C]glucose or [ ''C]lactate 
concentrations, I4Co2 concentration, oxygen 
content, and antipyrine concentration. 

2. Analytical methods. Whole blood was 
collected in plastic syringes and an aliquot 
was deproteinized immediately with zinc sul- 
fate and barium hydroxide for glucose analysis 
by glucose oxidase (Sigma). ['4C]glucose con- 
centration was measured as previously de- 
scribed (1). Two identical whole blood protein- 
free filtrate aliquots were incubated at 37°C 
for 1 hr, one with water and one with glucose 
oxidase (converting glucose to gluconic acid). 
Each aliquot was passed through an anion 
exchange column (200-400 mesh, formate 
form). Glucose was retained on one column 
as gluconic acid but not on the other column. 
The difference in radioactive counts between 
the column eluates represents the counts spe- 
cific to glucose. 

Another aliquot of whole blood was col- 
lected in frozen syringes, deproteinized im- 
mediately in perchloric acid, and assayed for 
lactate concentration by a fluorometric assay 
using lactate dehydrogenase ( 10). Radioactive 
lactate concentration and specific activity were 
measured as previously described using a flu- 
oride form anion exchange column (3). Lac- 
tate was eluted with 2 N acetic acid after a 
0.3 N acetic acid wash. Aliquots of the eluate 
were counted for radioactivity and analyzed 
for lactate concentration. Oxygen content was 
measured from NaF coated capillaries by a 
Lex-02-Con instrument (Lexington Instru- 
ments, Waltham, Mass.). Antipyrine was 
measured in whole blood with a Technicon 
Auto Analyzer (7, 8). 

Blood for 14C02 analysis was collected an- 
aerobically in iced, oiled, glass syringes. The 
needle tips were sealed with rubber stoppers. 
The blood was injected anaerobically (through 
a plastic cap, sealed with modeling clay or 
through a tight-fitting rubber stopper) into a 
plastic cup suspended inside a standard liquid 
scintillation vial. The vials were weighed be- 
fore and after addition of the blood to deter- 
mine the quantity of blood in each vial. An 
approximately equal volume of 1 N HCl was 
then added to the blood anaerobically and the 

vials incubated for 5-24 hr. Initially, the acid- 
released C02 was trapped in the bottom of 
the vial in 0.3 N Ba(OH)2. However, in all 
later experiments Protosol, a 0.5 M quaternary 
ammonium hydroxide solution (New England 
Nuclear), was used to trap the C02. After in- 
cubation, the cup containing blood and acid 
was removed. Scintillation cocktail (PCS, 
Amersham) was added directly to the vials 
containing Ba(OH),; Econofluor (New En- 
gland Nuclear) with 0.5% methanol was added 
to the vials containing Protosol and the 
vials counted. Control experiments using 
NaH14C03 with a known radioactivity were 
used to determine overall recovery. Protosol 
increased the recovery from 25% for Ba(OH)2 
to about 90-95%, trapping the C02 as a stable 
carbamate in the relatively acidic scintillation 
cocktail. 

3. Model and calculations. The model em- 
ployed in this study for measuring glucose or 
lactate oxidation rates is shown in Fig. 1. The 
Equations are presented in Table I. During a 
tracer infusion into the fetal circulation, there 
is a net loss of tracer down its concentration 
gradient, into the placenta and mother. For 
substrates with a high placental permeability, 
such as glucose, a large fraction (average 
= 50% for glucose) of the tracer infused into 
the fetus is lost in this way without entering 
fetal tissues for metabolism (1). A larger frac- 
tion of other substrates, such as lactate, to 
which the placenta is less permeable, remain 
within the fetus. Only about 10% of tracer 
lactate infused into the fetus is lost to the pla- 
centa and about 90% remains for metabolism 
by fetal tissues (3). 

The remainder of the tracer which enters 
the fetus (net fetal tracer uptake rate) can be 
used by fetal tissues for metabolism. We define 
the oxidation fraction as the ratio of the net 
14C02 flux to the uteroplacenta from the fetus 
to the net fetal tracer uptake rate (Eq. 1). 

The net tracer glucose or tracer lactate flux 
to the uteroplacenta from the fetus and the 
net 14C02 flux to the uteroplacenta from the 
fetus were calculated as the product of um- 
bilical blood flow and the umbilical arterial- 
venous concentration differences for tracer 
glucose, tracer lactate, and 14C02, respectively 
(Eq. 2,3). The rate of substrate utilization was 
calculated as the net fetal tracer uptake rate 
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FIG. 1. Model for measuring fetal substrate oxidation rates. Labeled fetal COZ production is measured 

as the umbilical 14C02 excretion rate; to calculate the fraction of substrate oxidized, labeled COZ excretion 
is compared with net fetal tissue utilization of tracer. 

divided by the steady-state fetal arterial sub- 
strate specific activity (Eq. 4). The amount of 
substrate oxidized was then calculated as the 
product of the fraction of substrate oxidized 
and the rate of substrate utilized (Eq. 5). 

Steady-state was defined as a concentration 
of tracer ([ ''C]glucose or [ 14C]lactate) and tra- 

cee (glucose or lactate) which had a variability 
of less than 5% during the constant tracer in- 
fusion. 

Net fetal glucose, lactate, and oxygen u p  
takes were calculated as the product of um- 
bilical blood flow and umbilical venous-ar- 
terial concentration difference for each sub- 

TABLE I 

Equation No. 

1 Glucose or lactate oxidation fraction 
- Net l4CO2 flux to uteroplacenta, from fetus (dpm/min) 

Net fetal tracer [ 14C]glucose or [ I4C]lactate uptake (dpm/min) 
- 

2 

3 

4 

5 

Net I4CO2 flux to uteroplacenta, from fetus (dpm/min) = Umbilical blood flow (ml/min) 

Net fetal tracer [14C]glucose or [14C]lactate uptake (dpm/min) = [Tracer infusion rate (dpm/min)] 

Fetal substrate utilization rate (mg/min) = Net fetal tracer uptake (dpm/min) 

Glucose or lactate oxidation rate (mg/min) = Oxidation fraction 

X umbilical arteriovenous l4CO2 difference (dpm/ml) 

- [umbilical blood flow (ml/min) X umbilical arteriovenous tracer difference (dpm/ml)] 

+ fetal arterial substrate specific activity (dpm/mg) 

X glucose or lactate utilization rate (mg/min) 

6 X glucose oxidized (mM/min) 
Net oxyen uptake (mM/min) 

Fraction of oxygen uptake for glucose oxidation = 

7 3 X Lactate oxidized (mM/min) 
Net oxygen uptake (mM/min) 

Fraction of oxygen uptake for lactate oxidation = 

Amount of oxygen uptake for glucose or lactate oxidation (mM/min) 8 
= fraction of oxygen for glucose or lactate oxidation x net oxygen uptake (mM/min) 
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strate. The fraction of fetal oxygen uptake used 
for glucose oxidation was calculated as 6 times 
the molar ratio of glucose oxidized to the net 
oxygen uptake (Eq. 6), and for lactate, as 3 
times the molar ratio of lactate oxidized to 
the net oxygen uptake (Eq. 7). The amount 
of oxygen taken up by the fetus and used for 
glucose or lactate oxidation was calculated as 
the product of the net oxygen uptake and the 
fraction of oxygen used for oxidation of either 
glucose or lactate (Eq. 8). 

Plasma glucose concentrations were esti- 
mated from whole blood glucose according to 
the equation: 

W +  3.3H P =  
1 - 0.24H 

where P = plasma glucose (mg/dl), W = whole 
blood glucose (mg/dl), and H = hematocrit 
expressed as a fraction. This equation was de- 
veloped empirically from previous measure- 
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ments in sheep of fetal blood glucose, plasma 
glucose, and hematocrit in our laboratory. 

Results. Umbilical arteriovenous 14C02 
concentration differences did not change sig- 
nificantly after the first hour of the infusion 
(P > O.l), despite increasing 14C02 concen- 
tration in fetal and maternal blood. Figure 2 
presents the 14C02 concentration in fetal and 
maternal vessels for a single animal. Since 
14C02 was accumulating slowly in the fetus, 
comparison of umbilical excretion of 14C02 
with net fetal ['4C]glucose or [14C]lactate up- 
take provides a minimum rate of oxidation. 
Additional 14C02 produced from [ 14C]- 
glucose or [14C]lactate is contained in the en- 
larging fetal 14C02 pool. An estimation of the 
rate of 14c02 accumulation (slope of 14c02 
concentration in disintigrations per minute 
per milliliter per minute X weight of the fetus 
X estimated HC03 space in milliliters per ki- 
logram of fetal body weight) would increase 
the 14C02 production rate (and thus the ox- 
idation rate) by about 6%. Because the HC03 
space in these animals was estimated from 
chloride dilutions and not directly measured, 
the 6% correction has not been applied to the 
present data. 

Table I1 presents data for net glucose fluxes 
as well as ['4C]glucose and 14C02 fluxes for 
the studies of fetal glucose oxidation. In the 
13 experiments with [U-14C]glucose the frac- 
tion of glucose oxidized averaged 6 1.2 k 4.0% 
(SEM) of net fetal glucose utilization, ac- 
counting for 2.55 mg min-l e kg-'. This 
amount of glucose oxidized accounted for 28% 
(0.089 mmole min-' kg-I) of the simulta- 
neously measured fetal oxygen uptake. 

A wide range of fetal arterial plasma glucose 
concentrations was observed, occurring spon- 
taneously or in response to fasting of the ewe. 
The glucose oxidation fraction (Fig. 3) in- 
creased with fetal plasma glucose concentra- 
tion (R = 0.602, P < 0.05). Thus, the fetal 
glucose oxidation rate (Fig. 4) increased 
directly with fetal glucose concentration 
(R = 0.726, P < .01). The fraction of net 
oxygen uptake used for glucose oxidation was 
also directly related to glucose concentration 
(R = 0.618, P < 0.05), due to the fact that 
there was not a significant relationship be- 
tween oxygen uptake and glucose concentra- 
tion. In the six experiments with [ 1 -'4C]glucose 

the mean glucose oxidation fraction was 6 1.8% 
(k3.6% SEM) at a mean plasma glucose of 
20.0 k 1.5 mg/dl. In the three experiments 
with [6-'4C]glucose the mean glucose oxida- 
tion fraction was 40% (range 29 to 51) at a 
mean plasmaglucose of 12.5 mg/dl (range 1 1.5 
to 13.3). 

Table I11 presents data for the six fetal lac- 
tate oxidation studies. The lactate oxidation 
fraction averaged 0.7 15 k 0.07 accounting for 
4.12 mg min-' kg-' of lactate utilization. 

Lactate utilization tended to increase di- 
rectly with fetal arterial plasma lactate con- 
centration, as did the fraction of lactate oxi- 
dized (Fig. 5, R = 0.77, P < 0.1). As with 
glucose, oxygen uptake did not vary signifi- 
cantly with lactate concentration. The lactate 
oxidation rate varied directly with lactate con- 
centration (Fig. 6, R = 0.89, P < 0.05). 

The amount of oxygen required for lactate 
oxidation (0.137 mmole min-' kg-I) in- 
cludes oxygen used for oxidation of lactate 
derived from net fetal lactate uptake in the 
umbilical circulation, from fetal glucose, and 
from nonglucose, lactate precursors. In a pre- 
vious report, we estimated that approximately 
half of the lactate used by the fetus was derived 
from fetal glucose, and the other half from 
nonglucose, lactate precursors, and net um- 
bilical lactate uptake (3). Therefore, the com- 
bined oxidation of fetal glucose and fetal lac- 
tate derived from nonglucose precursors could 
account for approximately 0.16 mmole 
min-' kg-l of oxygen which would represent 
about 50% of fetal oxygen consumption. 

Discussion. Previous reports from our lab- 
oratory have described the umbilical glu- 
cose:oxgyen quotient as one index of fetal glu- 
cose metabolism (1 1). The umbilical glu- 
cose:oxygen quotient represents the fraction 
of net fetal oxygen uptake that would be used 
for oxidation of net glucose uptake via the 
umbilical circulation, assuming that all of this 
glucose is oxidized. In the fed-state, with nor- 
mal glucose concentrations, the umbilical glu- 
cose:oxygen quotient is about 0.5, decreasing 
with fasting-induced hypoglycemia to about 
0.2. Fed-state umbilical 1actate:oxygen quo- 
tients have averaged about 0.2 1, decreasing to 
about 0.13 during fasting-induced hypogly- 
cemia, coincident with a decrease in fetal 
plasma lactate concentration from about 1.7 
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FIG. 3. Glucose oxidation fractions for the 13 animals 
infused with [U-’4C]glucose: R = 0.602, P < 0.05. 

to about 1.2 mM (3). From these studies, it 
was concluded that if completely oxidized, 
glucose and lactate could account for a large 
hction of ovine, fetal oxidative metabolism 
in the fed-state. The present study provides 
the first quantitative demonstration to support 
the hypothesis that glucose and lactate are im- 
portant substrates of fetal oxidative metabo- 
lism, by showing that the oxidation rate of 
these two substrates over a short time period 

10 20  30 

(1-3 hr) can account for about 50% of fetal 
O2 consumption. 

Previous studies have concluded that im- 
mediate and “long term” oxidation rates of 
glucose are not well separated in time (12). 
Such a conclusion was based on the obser- 
vation in rats that the specific activity of ex- 
pired C02 relative to plasma glucose specific 
activity continues to increase markedly in the 
first 4 to 6 hr of a tracer glucose inhsion before 
reaching a plateau. In the present experiments, 
a progressive contribution of “long term” fates 
of glucose metabolism to oxidation should 
have increased the 14C02 umbilical arterial- 
venous difference. However, there was no dis- 
cernable increase in the umbilical arterial-ve- 
nous C02 difference in the third hour of the 
infusion compared to the second hour (paired 
t test, P = 0.8), suggesting that “long term” 
glucose and lactate oxidation did not appre- 
ciably affect the measurement of “short term” 
oxidation rates. 

Several reports in the literature describe 
glucose and lactate oxidation fractions for rats 
( 13- 17), rabbits ( 18), dogs (4,5, 19-2 l), goats 
(22), sheep (23-25), and humans (6,26). Re- 

10 20 30 

FETAL ARTERIAL PLASMA GLUCOSE (mg/dl) 

FIG. 4. Left: fetal glucose oxidation rate for the 13 animals infused with [U-’4C]glucose are compared 
With the fetal arterial plasma glucose concentration, R = 0.726, P < 0.01. Right: fraction of net oxygen 
uptake used for the oxidation of the glucose compared with the fetal arterial plasma glucose concentration, 
R = 0.618, P < 0.05. 
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ported glucose oxidation fractions range from 
0.31 to 0.75; reported lactate oxidation frac- 
tions range from 0.36 to 0.90. These values 
are not strictly comparable to the present data 
because of two differences: one, in physiologic 
states (e.g., handling stress, anesthesia, fasting 
of different degrees) and another in metho- 
dologic differences for measuring oxidation 
rates (e.g., steady-state I4CO2 to 14C-labeled 
substrate specific activity ratios, ratio of I4CO2 
appearance in expired air to the rate of 14C- 
labeled substrate infusion). Nevertheless, sev- 
eral of these reports show a decrease in glucose 
oxidation with fasting, which is consistent with 
the present study. Independent effects of both 
insulin and glucose on enhancing glucose ox- 
idation have been demonstrated in vitru in 
adipocytes (27,28). In diabetic animals glucose 
oxidation is depressed but can return to nor- 
mal levels with insulin therapy (6). Glucose 
and insulin concentrations decrease during 
fasting in both maternal and fetal sheep (29). 
Bergman has presented data from both preg- 
nant and nonpregnant ewes, studied under 
chronic, conscious conditions (24, 25). Glu- 
cose oxidation fraction averaged 0.3 1 in non- 
pregnant ewes and was unchanged by fasting. 
However, in twin-pregnant sheep, plasma glu- 
cose concentration decreased by 38% (from 
47 f 3 to 29 f 3 mg/dl), associated with a 
16% decrease in glucose oxidation fraction 
from 0.37 to 0.3 1. 

The present studies confirm previous in- 
vestigations (30) demonstrating a normal rate 
of fetal oxidative metabolism during fasting. 
Presumably, the rate of oxidative metabolism 
is relatively fixed, whereas individual substrate 
oxidation rates are dependent on the specific 
substrate concentration and the coincident 
concentration of other substrates and the hor- 
monal milieu. 

At relatively high glucose and lactate con- 
centrations, the fraction of oxidation of each 
substrate increases. As oxygen uptake does not 
increase with glucose and lactate concentra- 
tions, glucose and lactate can spare the oxi- 
dation of other substrates. In the fetal lamb, 
fat uptake (3 1 ) and accretion are not large (fat 
content at term is about 3% of body weight 
compared to 18% for humans (32)). Thus, the 
"sparing" effect of glucose and lactate may 
apply primarily to amino acids. 
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the fetal lamb, fatty acids, ketoacids, and ac- 
etate may contribute carbon for oxidation in 
the fetus (31, 33, 34). However, we think it 
more likely that amino acids represent the 
bulk of the substrates that serve as alternate 
fuels for the fetus. 

In the fed state, amino acid uptake exceeds 
the requirements for tissue accretion by a p  
proximately 50%, ranging from 20% for the 
basic amino acids, histidine and lysine, to 65- 
75% for neutral amino acids such as alanine, 
serine, threonine, and glutamine/glutamate 
(35, 36). The measurement of ovine fetal 
amino acid uptake made in this laboratory 

5 10 15 2 0  2 5 has accounted for approximately 3.94 g of 
carbon day-’ kg-’ (36). Complete oxidation 
of the fraction (about 50%) not used for ac- 
cretion (at 2 mole of oxygen consumed per 

FETAL ARTERIAL PLASMA 

[LACTATE ] mg/dl 

FIG. 5. Lactate oxidation fractions for the six animals 
infused with [14C]lactate: R = 0.77, P < 0.01. 

At low glucose and lactate concentrations, 
relatively large fractions of glucose and lactate 
are not oxidized. Because oxygen uptake is 
not changed, other substrates would be pref- 
erentially oxidized. 

The fetal oxygen uptake not used for the 
short term oxidation of glucose and lactate 
must be accounted for by the oxidation of 
other substrates. Glucose itself, through slow 
turnover of intermediate products (e.g., fruc- 
tose) may contribute carbon for this additional 
rate of oxidation. Although not taken up in 
large amounts by the umbilical circulation of 

0 

5 10 15 2 0  
FETAL PLASMA [LACTATE] 

mg/dl 

FIG. 6. Fetal lactate oxidation rate versus fetal arterial 
plasma lactate concentration: R = 0.89, P < 0.05. 

mole of carbon) could account for approxi- 
mately 0.2 mmole O2.rnin-’-kg-’, or two 
times the difference between the oxygen u p  
take and the oxygen used for oxidation of glu- 
cose and lactate in the present studies. Thus, 
there is sufficient excess of amino acid uptake 
by the fetus to satis@ that portion of oxygen 
uptake which is not used for “short term” 
oxidation of glucose and lactate. The actual 
contribution of amino acids to oxidation has 
only been measured for lysine (37). In normo- 
glycemic fetal lambs, the lysine oxidation 
fraction was approximately 9%. 

In conclusion, the present report offers di- 
rect evidence to support the hypothesis that 
glucose and lactate are utilized primarily for 
oxidation in the late gestation ovine fetus, and 
that the oxidation of these two substrates de- 
pends on their concentrations. Since oxygen 
consumption does not vary appreciably with 
glucose or lactate concentration, we surmise 
that at higher concentrations, glucose and lac- 
tate can spare the oxidation of other substrates, 
such as amino acids. The converse of this con- 
clusion, namely, that at lower glucose and lac- 
tate concentrations, obligatory nonoxidative 
requirements of glucose and lactate exceed 
their oxidative fates, bear fhther consideration 
and study. 
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